Due to the impact of organotin compounds in the environment, a necessity exists for a rapid, sensitive and accurate analytical method to determine the levels of the compounds in the different environmental components. A variety of analytical techniques has been developed for the speciation of organotin compounds. Most of them are based on gas chromatography (GC) connected with atomic absorption spectrometry (AAS), flame photometry (FPD), mass spectrometry (MS), inductively coupled plasma (ICP) or microwave-induced plasma atomic emision spectrometry (MIP-AES). Since GC requires volatility of analytes, their derivatization into volatile species is usually indispensable. Direct GC of organotin halides without derivatization, however, could offer a highly selective and sensitive analytical technique for the trace determination at the level of less than ng l -1 in aquatic samples. As an alternative approach, high performance liquid chromatography, has become a popular technique. It mainly uses AAS, ICP-MS and fluorometry for the eluate detection. ICP-MS has been applied practically because of its inherent selectivity and sensitivity.
Introduction
Organotin compounds, one of the most versatile groups of organometallic chemicals, have been employed in industry as catalysts, biocides, stabilizing agents in poly(vinyl chloride), etc. Enormous amounts of these materials had been used in industry and have contributed to the environmental pollution. Contamination of the marine environment by organotins has been well documented started from the nineteen-seventies. Tributyltin (TBT) compound was the most used organotin compound, followed by triphenyltin (TPhT) compound, especially in Japan. TPhTs have a high bioaccumulation potential and the ecotoxicological impact of TBT has been demonstrated. [1] [2] [3] It is now recognized that low concentration levels of these compounds, especially TBT, in seawater can exert lethal and sublethal effects on a wide variety of marine organisms particularly on the sensitive juvenile life form. 4, 5 In the last few years, TBT has been considered as one of endocrine disrupter chemicals. Current concern about the adverse effects of TBT on some shellfish began with the identification of TBT leachate from antifouling paints as being responsible for the imposex syndrome, the development of a penis and vas deferens in the female in several species of marine gastropods around UK and other jurisdictions. 6, 7 Imposex has occurred in as low as 1 ng l -1 concentration level of TBT in water. 8 In water, trisubstituted organotin compounds can be stepwise decomposed to less substituted compounds down to inorganic tin. They are absorbed by the lipophilic phases such as the lipid in organisms or absorbed onto particulate matter, and sediments are the final sink. These compounds turned out to be toxic to nontarget biota and to be responsible for the degradation of edible aquatic resources, thus raising economic and ecotoxicological concerns. Considerable concentrations of these compounds and their metabolites were detected in environmental samples. The environmental risks posed by organotins include their bioaccumulation, persistence and high toxicity to some animals. The recognition of their toxicity at low concentration levels has stimulated the development of accurate and sensitive analytical methods for organotin determinations.
A large number of speciation-related studies have been devoted to organotins. The concentration levels of TBT and its degradation products dibutyltin (DBT) and monobutyltin (MBT) species usually are in the range of ppb to ppt in seawater, and the concentration levels of TPhT and its degradation products, diphenyltin (DPhT) and monophenyltin (MPhT), are generally lower than those of butyltins. Therefore, there is also a need for analytical techniques with very low detection limits of trisubstituted organotins and their degradation products. Higher concentrations are found in sediments and biological samples due to high bioconcentration factors. The complexity of the matrices, however, requires pretreatment, and deeper investigations on the identification method. Separation was done either by GC, namely capillary column GC or packed column GC with cryogenic trapping, or by HPLC. Many efficient chromatographic separation methods utilize various types of detection techniques such as electrothermal atomization atomic absorption spectrometry (ETA-AAS), quartz furnace atomic absorption spectrometry (QF-AAS), ICP-MS, ICP-or MIP-AES, electron capture detection (ECD) or flame photometric detection (FPD). It was ascertained that systematic errors did not arise from these final detection techniques.
Gas Chromatography (GC)
Most of the analytical techniques developed for the speciation of organotin compounds are based on GC. GC remains the preferred separation technique owing to its high resolution and the availability of sensitive detectors (detector versatility).
GC analysis techniques show generally good performance; it is the sample preparation step that determines the duration, efficiency, and accuracy of the overall analytical procedure. The conventional method of sample preparation for the organotin speciation in an environmental sample is based on extraction or leaching with an acid-methanol mixture. Also the main procedures for leaching organotins from biological samples and sediments are based on the use of acid reagents in aqueous or methanolic media by sonication, stirring, shaking, or Soxhlet extraction 10 with an organic solvent. Complexing agents (tropolone, diethyldithiocarbamate; DDTC) are sometimes added to increase extraction yields.
Hydrolysis of tissue samples can be carried out with acetic acid, tetramethylammonium hydroxide (TMAOH), or KOH-ethanol solution. 11 In order to achieve a complete tissue solubilization for the determination of organotin compounds incorporated into the celluar tissue structure, hydrolysis using enzymes is employed. In general, clean-up treatment is necessary for biological material, sediment and soil samples. They are purified with Florisil, silicagel, alumina or ion-exchange resin columns. Recently, supercritical fluids have been used to extract organotins from sediment, offering the advantages of the reduction in handling steps and the elimination of the use of hazardous organic solvents.
Organotin compounds present in environment are mostly polar and involatile, and extracted ionic or complexed organotins need to be derivatized into volatile species for GC analysis. Most analytical GC techniques generally employ derivatization methods: e.g., alkylation with Grignard reagents (RMgX), hydride formation (reduction) with sodium tetrahydroborate (NaBH4) and ethylation with sodium tetraethylborate [NaB(C2H5)4, NaBEt4].
2·1 Alkylation with Grignard reagents
Although hydridization with NaBH4 and ethylation with NaBEt4 have gained popularity, formation of a tetrasubstituted derivative via a Grignard reaction have been employed in many reports. Since Grignard reagents can be used only with nonprotic apolar solvents, it is necessary to complex organotin compounds with, for instance, tropolone before extracting into such solvents. A variety of techniques have been described for GC separation based on the formation of methyl, 12, 13 ethyl, 14, 15 butyl, 16 propyl, 11 pentyl [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] and hexyl 29, 30 derivatives and several detection techniques have been coupled to GC. The usual choice for detection is AAS, FPD, MS or MIP-AES. Among the myriad of analytical procedures developed for organotin speciation, solvent extraction in the presence of a ligand complexing agent such as tropolone, Grignard alkylation and capillary GC coupled with selective detection system seems to be an appropriate procedure.
There have been reported various determinations using Grignard derivatization for all sorts of environmental samples. For the determination of TBT in aquatic matrices (seawater, sediment and biota), HCl treatment followed by a liquid extraction using a modified solvent of hexane and diethylether containing tropolone, and a Grignard derivatization (CH3MgCl) was employed. 13 The final determination was accomplished by on-line capillary GC coupled to FPD, and MS confirmation. The detection limits were dependent on the environmental component, 0.5 ng l -1 for seawater, 0.1 ng g -1 , 0.4 ng g -1 for sediment and biota, respectively.
Tutschkurt et al. 26 also acidified the sediment samples with HCl, then extracted them with hexane containing tropolone. Organotin compounds in hexane were derivatized by the reaction with pentylmagnesium bromide, and separated on a HP-1 column followed by helium atmospheric pressure MIP-AES detection. The intensive emission line was 326.23 nm. Detection limit down to 0.8 -3.1 pg (as Sn) could be achieved. The signal intensity was influenced by several parameters of the MIP and GC system. The emission line at 271 nm was also used for the measurement of butyltin compounds in sediment. 15 For the extraction of butyltin compounds, especially for MBT, glacial acetic acid/tropolone/toluene was employed, and the extracts were ethylated with ethylmagnesium bromide, and cleaned up on a microcolumn containing 1 g silicagel (elution with hexane). The detection limit was 0.5 ng g -1 .
For water samples, Caricchia et al. 27 compared liquid/solid extraction (C-18 or Carbopack B-loaded extraction tubes and elution with methanol for TBT and methanol containing tropolone for DBT and MBT) and liquid/liquid extraction with CH2Cl2 containing tropolone. The solid-phase extraction (SPE) ensured good results and was more suitable in the field work, avoiding high volumes of organic solvents and transport of pieces of fragile glassware. GC-FPD or MS determination was performed after SPE and liquid-liquid partitioning. AAS could be used as an alternative detection technique after selective elution from the SPE. The detection limit was in the low-ppt range for water samples.
Sonication to enhance the extraction of organotins from sediment and biota samples was applied by Milde et al. 12 In this case sieved sediment was ultrasonicated with HCl in methanol, followed by the hexane extraction containing tropolone and methylation with methylmagnesium iodide. Detection of butyltin compounds using GC/ion trap MS ensured a high selectivity with the detection limit of 0.15 pg for TBTMe in sediments. 12 Chemical ionization using acetonitrile as the reagent gas, exhibiting a similar sensitivity and reducing background level, could serve as a convenient alternative detection method for sediments heavily contaminated with organics. An alternative simple extraction method based on sonication of samples with non-acid leaching reagent was also studied by Gomez-Aviza et al. 21 They mixed lyophilized bivales sample with methanol containing tropolone and ultrasonicated. The extract was reacted with pentyl-magnesium bromide in diethyl ether and then cleaned up on a Florisil column before analysis 14, 29, 31 The SFE procedure minimizes the sample handling steps, saves analysis time, and reduces the usage of solvent. No organic solvent extractions are involved in this procedure and no cleanup steps are employed since the SFE with neat CO2 gives cleaner extracts which can be directly analyzed without affecting GC separation and FPD determination. An analytical procedure was presented 14 for the determination of butyltin compounds from seawater using solid phase extraction with an extraction disc followed by in situ Grignard ethylation and SFE from derivatized disc. The extraction efficiency for TBT and DBT under mild conditions (CO2, 40˚C, 10 MPa) ranged from 92 -102% and the R.S.D.s were 6.6 and 8.2%, respectively. SFE extracts were analyzed by GC-FPD using a DB-5 column. Detection limits for MBT, DBT and TBT were 16, 7 and 6 ng l -1 , respectively. Cai et al. 29 performed in situ hexylation of organotins in sediment using hexylmagnesium bromide, in the extraction cell, then applied SFE with CO2 in mild thermal conditions (T=40˚C, P=350 atm). Butyltin and phenyltin compounds extracted were collected in hexane and then analyzed by GC-FPD. Recoveries of the derivatives of TBT, DBT, TPhT and DPhT from spiked sediment ranged from 76 to 114%. The recoveries of MBT and MPhT were, however, only 15 and 40%, respectively. Limits of detection of butyltin and phenyltin were in the range of 1.8 -5.8 ng Sn/g of dry mass.
Recall that Grignard reagents such as pentylmagnesium bromide are often contaminated with TBT. Therefore, a careful blank evaluation is required. 29, 32 Table 1 shows the outline of the analyses of organotin compounds in environmental samples using Grinard derivatization.
2·2 Hydride generation with sodium borohydride (NaBH4)
Hydride generation using NaBH4 is a procedure widely used for organotin determination, in particular for butyltin species in environmental matrices. The hydride-formation method followed by purge and trap or liquid-liquid extraction is convenient. Since the volatilities of organotin hydrides are considered to be higher than those of alkylated organotins, it is difficult to obtain quantitative results without using a cryogenic trap; losses during the evaporation steps may occur when liquid-liquid extraction is carried out rather than purge and trap after hydride generation.
The usual analytical method was based on acetic acid extraction, hydride generation, cryogenic trapping in an U-tube filled with chromatographic material and detection by QF-AAS. Ritsema 33 determined low levels of TBT (0.1 to 1 ppt) in waters by hydride generation-GC-AAS. The alkyltin hydrides generated with a NaBH4 solution under acidic conditions were purged out with N2 and were cryogenically trapped by a GC PTFE column packed with Chromosorb G NAW coated with SP2100. AAS detection was done at 224.6 nm. Astruc and coworkers 34 determined TBT in sediments by hydride generation GC QF-AAS. TBT was extracted with anhydrous acetic acid, and diluted with water. Hydrides generated by the addition of NaBH4 were flushed with He, cold-trapped, sequentially distilled and analyzed by GC-QF-AAS. The detection limit was 1.8 ng Sn g -1 and the reproducibility was 6 to 12%.
Sonication is used for efficient extraction. Efficiency of TBT sonication extraction from river sediment was evaluated by Cai and coworkers. 35 A sediment sample spiked with TBT and equilibrated for ten days was prepared. Then, following in situ hydride generation and cryogenic trapping, the sample was analyzed by GC-AAS. The sonication time and amount of NaBH4 did not affect the extraction efficiency. The least polar solvents extracted TBT more efficiently, whilst DBT and MBT required polar solvents of HCl in methanol. For shellfish samples, Pannier et al. 36 employed digestion with HCl aqueous methanol under sonication. The extracted butyltin compounds were converted into volatile hydrides by NaBH4 and then 351 ANALYTICAL SCIENCES APRIL 2000, VOL. 16 cryogenically trapped in a GC column. They are selectively volatilized and detected by on line QF AAS. The recoveries of butyltin compounds from spiked mussel and oyster samples ranged from 96 to 99% with less degradation of butyltins. They 37 also used enzymatic digestion to release butyltin compounds from marine biological samples (oyster, mussel, salmon), and enzymatic solubilization using lipase type VII and protease type XIV. The compounds are directly analyzed by QF-AAS without any further handling. The detection limits were at ng g -1 levels. AES and MS are valid detectors. Organotin speciation in seawater with on-line hydride conversion and GC-AES was carried out by Dowling and Uden. 38 Alkyltin pollutants in seawater were trapped on a C18 Sep-Pak cartridge, eluted with CH2Cl2, and the resulting reduced solution was injected onto solid NaBH4 placed inside the GC injection hot port liner. The generated hydrides were determined by GC-AES using a HP-1 column operated isothermally. The linear dynamic range and the limit of detection were 0.12 -80 ng ml -1 and 0.5 pg of absolute tin, respectively. The recovery from water samples spiked with 0.1 mg ml -1 levels of tripropyltin and TBT chlorides was ∼90%. Plzak et al. 39 used tropolone solution in hexane for the extraction of these compounds after the water sample was mixed with acetate buffer. The dried extract was subjected to reduction with NaBH4 or Grignard methylation with methyl magnesium iodide. The derivative solution was analyzed by GC-ion trap MS detection. Detection limits were in the sub-pg range.
Hydride derivatization showed simpler, increased sample throughput and easier interpretation of spectra. Meanwhile, it was reported that methylation provided lower detection limits with EI ionization and superior stability of standard calibration solutions. Studies on the CI detection mode using CH4, isobutane, acetonitrile and methanol indicated that methanol and acetonitrile provided simple CI mass spectra, yielding spectral information complementary to EI.
As a high sensitivity speciation method to monitor trace amounts of organotin compounds, Garcia & coworkers 40 used ICP-MS. Using hydride generation coupled to cryogenic trapping GC procedure, one could expect better sensitivity from the use of ICP-MS for the determination of butyltin compounds in sediment. The procedure was based on the generation of volatile MBT, DBT and TBT hydrides from an acetic acid medium using NaBH4. The hydrides formed were trapped on a packed glass column immersed in liquid N2 (Fig. 1) . Then, through heating the column, the hydrides were sequentially desorbed and detected by a mass spectrometer using a ICP source. Detection limits of 7, 4 and 4 pg (as Sn) for MBT, DBT and TBT, respectively, were obtained. The speciation of butyltin and phenyltin compounds in seawater by hydride generation purge-and-trap ICP-MS was also carried out by Martin and Ponard. 41 Into each sample they added electrolytically purified NaBH4 solution. The volatilized organotins were introduced into a U-trap immersed in liquid N2. Heating the trap caused the analytes to be carried to the nebulizer, the tip of which had been cut off and connected directly to the plasma torch. The detection limits were 0.03 (TBT) to 11 (TPhT) ng l -1 . The selective detector, FPD, is also used widely. Hydride generation by the addition of powdered NaBH4 into aqueous sample was also performed by Sharron et al. 42 Butyltin hydrides which formed were drawn by ambient air onto a Porapak-N cartridge, eluted with CH2Cl2, and analyzed by GC-FPD. Recoveries of the butyltin species ranged from 46 -101%. Detection limits for MBT, DBT and TBT were 1.28, 0.39, and 0.24 ng l -1 , respectively. Butyltin compounds in air were also trapped on a Porapak-N cartridge, 43 and eluted with HCl in CH2Cl2, then hydridized with NaBH4 in ethanol. The hydrides were analyzed by GC-FPD. For a 20 m 3 sample, a detection limit of 0.05 ng m -3 was possible. The linear calibration range was 1 -100 ng ml -1 . Recoveries were more than 100%.
Interference studies on hydride generation with NaBH4 were carried out on various organic and inorganic compounds. Organic compounds in general (organic solvents, PCBs, pesticides, nalkanes, and humic substances) had a small signal suppression effect except complexing agent EDTA. Reproducibility was significantly affected only by the presence of humic substances in solution. Metals (Al, As, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb and Zn) showed severe signal suppression for all organotin compounds at a level of 100 µg. [44] [45] [46] A careful check of hydride generation yield is a prerequisite for the analysis of complex matrices. The above procedure may be applicable to pristine sediment and waters and not to the samples with high level organic contamination.
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ANALYTICAL SCIENCES APRIL 2000, VOL. 16 2·3 Ethylation with sodium tetraethylborate (NaBEt4) Two methods described above, hydride generation and alkylation by Grignard reagents, have been applied for the derivatization of the relatively involatile organotin compounds. Both methods have some disadvantages when used for environmental samples. As previously mentioned, the hydrideformation method using NaBH4 followed by purge and trap or liquid-liquid extraction is convenient, but the signal could be easily suppressed in the presence of interferences, which may occur at relatively organic-rich matrices. [44] [45] [46] The purge and trap step is limited by the foaming during derivatization and by the condensation of water during cold trapping. The organotin hydride is considered to be less stable than the tetraalkyltin because of reducing properties. Since those hydrides are supposed to be more volatile than alkylated organotins, the losses may occur during the evaporation steps. Alkylation by Grignard reagent can be performed only in completely dry media. A number of handling steps affect the accuracy and precision of the determination, and also care should be taken for the potential health hazard of volatile organic solvents.
Ethylation with NaBEt4 was introduced by Honeycutt et al. 47 as the alternative to the hydride generation derivatization. NaBEt4 is the only reagent which is able to produce quantitative ethylation in aqueous or polar solvents. In situ ethylation of ionic lead, methyllead, methylmercury and mercury compounds was demonstrated as a variable analytical tool by Rapsomanikis et al. 48 in 1986. For the determination of organotin compounds in environmental samples, ethylation with NaBEt4 was first used by Ashby et al. 49 It has been proved that for Sn, ethylation using NaBEt4 may be preferable to hydride generation because it does not suffer from any critical interferences, or at least these could be simply masked. Foaming does not occur during the derivatization of environmental samples containing butyltin compounds, whereas it does occur with the hydride derivatization procedure. Though the hydride gave slightly more sensitivity than ethylated species, the ethylation procedure gave more reproducible results and was not affected by inorganic interferents. Once formed, the ethyl derivatives of alkyltins appear to be more thermally stable than alkyltin hydride. Furthermore, the ethylation can take place in the aqueous phase and the extraction can be performed simultaneously.
There are a variety of sample preparations for the determination using ethylation with NaBEt4.
Ethylation of organotin compounds in aqueous solutions followed by cryofocussing and detection with AAS was carried out by Martin and Donald. 50 Each sample solution was treated with acidified aqueous NaCl before the addition of aqueous NaBEt4. The resulting derivatives were trapped on a silanized glass column packed with Chromosorb W coated with SP-2100 at liquid nitrogen temperature. The elution was effected using He as carrier gas. Results were compared with those obtained by hydride generation AAS. Tolosa et al. developed single-step extractions and ethylation procedures for aqueous samples followed by GC with FPD, MS or MIP-AES. 51 Acetate buffer pH 5 and internal standards were added to samples, then the samples were extracted with CH2Cl2 containing NaBEt4. The organic layer was analyzed by using GC-FPD and EI-MS on a HP-5 column. Organotin species in seawater were also determined individually by Girousi et al. 52 through ethylation with aqueous NaBEt4 in the presence of hexane as extractant. The hexane layer was analyzed by GC with MIP-AES.
Carlier et al. 53 compared two extraction procedures for butyland phenyltins in sediment: one is with methanolic HCl and the other is with glacial acetic acid leaching. After extraction, derivatization was carried out by the one-step ethylation/ extraction procedure using NaBEt4 directly in aqueous phase in the presence of an isooctane layer. Extraction with methanolic HCl, which is one of the most common ways used to break the bonds between the species and sediments, has been employed especially in butyltin determination, and its extraction can not be successfully applied to leach phenyltin compounds from sediments except at very low (≤0.1 mol) HCl concentration. Quantitative recoveries of TBT and TPhT was obtained by acetic acid extraction.
Since the ethylation needs an acetate/acetic acid buffer, acetic acid leaching was preferred to the analysis of sediments. Butyltin and phenyltin compounds were determined simultaneously and quantitatively without any noticeable degradation.
Furthermore, Ceulemans et al. 54 evaluated two sample preparation procedures for the analysis of butyltin compounds using GC-AAS and GC-AES for determination: 1) tropolone extraction into hexane-ethyl acetate, NaBEt4 ethylation, and 2) DDTC extraction into hexane, Grignard pentylation. Analysis of certified reference materials (sediment) proved that the two methods were comparable for the determination of TBT and DBT in sediment. The possibility of MBT determination in general, however, still remains doubtful. It was concluded that the difficulties of efficient MBT extraction and determination are related to the strong affinity of the compound to the sediment.
Cai and Boyona used an alternative powerful extraction method, namely SFE. 55 The analytical procedures employed aqueous ethylation with NaBEt4, followed by SPE and SFE. They used C18 discs and supercritical CO2, and GC-FPD for the simultaneous determination of butyl-, phenyl-and cyclohexyltins in aqueous samples. The recoveries ranged from 82 -104% at the spiked level 121 -441 ng Sn l -1 and 79 -115% (55% for MBT) at the level of 12.1 -44.1 ng Sn l -1 . The effect of different supercritical fluid variables was also evaluated 56 for the recovery of butyltin compounds from biomaterials by using a fractorial experimental design. The best extraction conditions were at low temperature (50˚C) and high pressure (34 Mpa) in the presence of acetic acid containing tropolone. The extract was derivatized with NaBEt4 and the ethylated organotin compounds were determined by GC-FPD.
The potential of microwave heating to enhance the extraction of various compounds from emulsions, biomaterials and soils has been reviewed by Donald et al. 57 They showed that a low power microwave field could accelerate and enhance leaching of organotin species from sediment without affecting the C-Sn bonds. Two approaches to microwave-assisted sample preparation were also compared. 58 The first one was based on alkaline hydrolysis of the biomaterial using TMAOH, followed by the pH adjustment, ethylation of ionic organotin compounds and extraction into isooctane. The second one was acid hydrolysis of a biomaterial. It was simultaneously dissolved in acetic acid and ethylated with NaBEt4, and then extracted into nonane. In GC-FPD, the ethylated species were separated on an HP-1 column. Both procedures gave good agreement with certified values for TBT in the NIES 11 reference fish tissue. Speciation of butyltin compounds in sediments and biomaterials by GC MIP-AED after microwave-assisted leaching-digestion was also reported by Szupnar et al. 59 Microwave leaching of butyltin from sediment in a focused field with acetic acid and microwave-assisted digestion for the dissolution of biomaterials in a TMAOH solution took only a few min (60 W). The supernatant was adjusted to pH 5 and then NaBEt4 and isooctane were added. The mixture was shaken, and the emulsion formed was broken up in a microwave oven (20 W); then the organic phase was analyzed by GC-AES. These procedures gave results 353 ANALYTICAL SCIENCES APRIL 2000, VOL. 16 which agreed well with the TBT values in NIES-11 certified material. Butyl tin and phenyl tin species in sediments were quantitatively leached with acetic acid in methanol in a focuced microwave field (70 W) within 3 min. The following ethylation and capillary GC-FPD offered a detection limit of 1 ng Sn/g. 57, 60 As to the possibility of accelerating the solubilization of biomaterials into TMAOH, a non-focused microwave extractor was also investigated. 61, 62 A microwave (950 W, 2.45 GHz) was used to accelerate sample leaching in the presence of TMAOH while keeping the chemical structure of MBT, DBT, TBT and TPhT unmodified. Organotin compounds were ethylated in the extracting vessels with NaBEt4, and determined by GC-AES system. The procedure was reported to allow the determination of TBTCl, DBTCl, MBTCl and TPhTCl, whereas DPhT and MPhT were not stable in the microfield.
Solid-phase microextraction (SPME) techniques were applied by Moens et al. 63 and Tutschku et al. 64 to determine butyltin compounds in aqueous samples. The in situ derivatized compounds with NaBEt4 were sorbed on SPME fiber and determined by GC coupled with AED or ICP-MS. Detection limits were 0.09 pg Sn with AED and between 0.34 -2.1 ng Sn/l with ICP-MS. 64 Multicapillary column GC/MIP-AES was attempted by Pereiro et al. 65 for the fast speciation of butyl-and phenytin compounds in sediments and biological materials. Ethylated butyltin compounds could be separated isothermally within 30 s. Careful optimization of the pressure and temperature programming allowed a comprehensive organotin speciation including phenyltin compounds within 2.5 min, as shown in Fig. 2 .
De-Smaele et al. 66 synthesized sodium tetra(n-propyl)borate as a novel aqueous in situ derivatization reagent (NaBPr4) for organometallic compounds. The derivatization was performed under almost the same condition as used for NaBEt4. The derivatized organotin compounds could be determined by GC-ICP-MS with detection limits of ng l -1 level.
2·4 Direct analysis of organotin halides
Organotin halides, which are easily formed in acidic solution and could be extracted from a complex sample matrix, have adequate volatility for GC separation. However organotin halides interact with the materials in the GC system and some difficulty is usually found in achieving the satisfactory separation. In GC, the polar ionic species have to be converted to more volatile forms before the separation. Therefore, organotin halides have often taken second or third place to the derivatization method, particularly in the case of trace analysis. Nevertheless, derivatization methods require a number of troublesome steps which cause the difficulties in the accuracy and precision of the determination. The direct determination of organotin halides by GC without derivatization may be quite convenient in regard to handling, saving time and cost. Moreover the direct analysis has a clear advantage over the derivatization method due to being able to use detection systems such as ECD and negative ion chemical ionization mass spectrometry (NICI-MS), which are the selective and sensitive detectors especially for halide compounds.
Takeuchi and Mizuishi 67,68 studied a direct GC method employing a packed column pretreated with a hydrogen halide such as hydrogen chloride (HCl) or hydrogen bromide (HBr) for the analysis of TBT chloride (TBTCl) and TPhT chloride (TPhTCl). The pretreatment with HCl or HBr was estimated to deactivate the active sites in a packed GC column, such as silanol groups and metal oxides. Since a packed column has many active sites, the amount of acids required for deactivation was not so small.
A doping technique was also attempted by the authors for the analysis of halides of TBT and TPhT by capillary GC. 69 The use of apolar capillary column for the separation of three organotin compounds, namely TBT, TPhT and tripentyltin (TPenT, internal standard), as their halides (chloride and bromide) was attempted. Column doping with HBr prior to injection of standard or sample solutions was effective and showed excellent results for the analyses of these halides. The halides were determined efficiently using a DB-1 capillary column. Doping of HBr into the GC system was performed by injecting methanolic HBr solution in the splitless mode immediately before the injection of a sample solution. The HBr concentration less than 3.0 mM was preferable. Figure 3 shows a GC-FPD chromatogram of chlorides of TBT, TPhT and TPenT obtained after doping the GC column with methanolic HBr solution. Figure 4 shows the mass spectra of chlorides of TBT, TPhT and TPenT separated. During the GC separation, a halogen exchange reaction from chloride to bromide readily occurred. The acidic conditions generated by HBr ease the formation of bromides and resulted in excellent separation of organotin chlorides. This approach is applicable to the determination of TBT and TPhT in environmental samples. The preparation procedure for the fish sample is shown in Fig. 5 Figure 6 shows the chromatograms of methylmercury chloride separated by the capillary column which was treated with methanolic HBr. 70 The authors 71 also used NICI-MS as a highly selective and sensitive method for organotin halides. Using the doping technique and GC-NICI-MS, were studied the direct and sensitive determination of traces of TBT and TPhT halides. Excellent sensitivity was obtained for TBT and TPhT chlorides as shown in Fig. 7 ; they were extracted from seawater under the acidic condition of HCl. Detection limits of both species in SIM-NICI mode were 250 -400 times more sensitive than those obtained in SIM-EI mode. The combination of an apolar capillary GC doped with HBr and SIM in NICI-MS made it possible to determine TBT and TPhT at less than ng l -1 level in seawater. The proposed method is supposed to be the most suitable analytical technique for the ultratrace determination of TBT and TPhT in aqueous samples.
High Performance Liquid Chromatography (HPLC)
The use of HPLC methods is an alternative approach, which is able to distinguish between organotin compounds without requiring derivatization before analysis. Reports are mainly concerned with ion-exchange mode or reversed phase separation. [72] [73] [74] [75] [76] [77] [78] [79] Sometimes the normal phase separation mode, using CN-bonded silica supports, has been employed in the analysis of butyltin compounds. Adequate separations were generally achieved under gradient elution. For determinations, AAC, ICP-MS and fluorometric detection were mainly used.
HPLC coupled with AAS is widely used for the speciation of organotin compounds. 72 In brief, a water sample acidified with HCl was extracted with CHCl3 containing tropolone. The extracts were analyzed on a C18 column online coupled with ETA-AAC, using methanol/H2O/acetic acid containing 355 ANALYTICAL SCIENCES APRIL 2000, VOL. 16 tropolone as mobile phase. The furnace temperatures were programmed stepwise from 120˚C to 1300˚C, 2100˚C and finally 2400˚C. The limits of detection were reported to be 3.1 and 2.8 ng for TBT and DBT, respectively. 73, 74 Separation of MBT, DBT, TBT and inorganic tin by isocratic ion-exchange LC coupled with hydride-generation AAC was also evaluated by Schulye and Lehmanx. 75 They used a sulfonated poly(styrene-divinylbenzene) cation-exchange column and citric acid/LiOH/oxalic acid/methanol as eluent. The eluate from the column was mixed with a dilute HCl stream and NaBH4 in KOH solution. Tin was detected at 224.6 nm. The detection limits for MBT, DBT and TBT were 31, 40 and 27 nM, respectively. Recoveries were 84% for TBT, 98% for DBT and 84% for MBT.
For superior sensitivity, both atmospheric-pressure(AP)-CI MS and ICP-MS could be used for the complementary speciation of organotin compounds. 76 Figure 8 was obtained from sediment sample extracted with methanol/acetic acid for 12 h. The extract was applied to HPLC using Kromasil-100 5 µm C18 column and the mobile phase of acetonitrile/H2O/acetic acid containing triethylamine. Mass spectrograms showed baseline separation of chloride form using APCI-MS at 50 µg ml -1 and ICP-MS at 10 ng ml -1 .
Samples prepared by tropolone-benzene extraction were applied to a column of C8 and eluted with sodium 1-pentanesulfonate/acetic acid/methanol. 77 Detection was done with an ultrasonic nebulizer coupled to an ICP-MS. Calibration graphs for tin compounds were linear in the range of 1 -100 µg Sn l -1 ; and detection limits were 0.03 -0.15 µg Sn l -1 .
Dimethyltin, trimethyltin, DBT, TBT, DPhT and TPhT were separated by LC on a stainless-steel column packed with Excelpak SIL-C4A operated with Tris/lauryl sulfate/NH4NO3/acetic acid /ethanol as mobile phase. Eluates were directly sprayed into the ICP tapered torch, reflected power at 5 W and detected by MS at m/z 120. Detection limits reported for those organotin compounds ranged from 24 to 51 pg and RSD for the determination of 100 µg Sn/ml of the analytes were 1.89 -2.92%. 78 Rivas and coworkers 79 reported similar works. Spiked sediments containing TBT(I), DBT(II), MBT(III) and TPhT(IV) were extracted with glacial acetic acid, then back-extracted with toluene. The reconstituted sample with the mobile phase was separated on a Partisil SCX-10 column. A step gradient of methanol/H2O containing citrate buffer was used as mobile phase. Detection was by ICP-MS using a demountable torch with a straight injector. Detection limits were 3.5, 3, 2 and 3.5 ng/g for TBT, DBT, MBT and TPhT respectively. The extraction efficiencies were 103%, 33%, 12% and 61%, respectively. Then they evaluated effect of different spray chambers on the determination of organotin compounds by ICP-MS (Fig. 9) . 80 A cyclone spray chamber of internal volume 22 ml and fitted with a cooling jacket gave the best performance among the spray chambers evaluated; it gave a transport efficiency of 7.5% without loss of chromatographic resolution. The detection limits were 0.4, 0.3, 1.4 and 0.2 ng/g, respectively. In the case of a Scott-type double-pass chamber, detection limits were 1, 1, 2 and 1 ng g -1 , respectively. The RSD (n = 3) for 10, 100 or 500 ng Sn g -1 of these four species were less than 10.5%. Batch operation of SPE for separation and concentration of organotin compounds in seawater was carried out by a Japanese group. 81, 82 Seawater was shaken with a suspension of a small amount of sorbent (microporous type divinylbenzene/methacrylate resin, Excelpack SPE-GLF, Yokogawa) in methanol. The organotin compounds eluted from the sorbent with methanol was injected on to a YMC-Pack FL-C4 column operated with Tris/dodecyl sulfate/NH4NO3/acetic acid in aqueous ethanol as mobile phase and detection by ICP-MS. The recoveries of TPhT and TBT were quantitative and their detection limits were 7 and 5 ng l -1 , respectively. The SPE procedure was applied for the speciation of organotin compounds in shellfish samples. 83 Some other HPLC methods are shown in Table 2 . In the case of triorganotin species, fluorometric detection has been proposed as a cheaper alternative. Since organometallic species of tin do not show native fluorescence, pre-or postcolumn derivatizations are required. Morin is a common fluorogenic reagent, and fisetin (3,3′,4′,7-tetrahydroxyflavone) has been shown to have a high selectivity and excellent sensitivity for TPhT and TBT. 87 , 91 Leal et al. 88 the determination of TBT and TPhT. Extracts from marine biomaterials (fish tissue) was analyzed using methanol containing ammonium acetate as mobile phase. The column effluent was mixed with fisetin/Triton X-100 and fluorometrically detected. A reaction coil was used at room temperature. Mean recoveries from samples spiked at the µg g -1 level were 82% for TBT and 96% for TPhT.
Compano et al. 89 analyzed water samples using methanol containing ammonium acetate as a mobile phase. After separation, the eluate was mixed with a stream of 3-hydroxyflavone/Triton X-100/succinic acid-sodium succinate in a tube. The resulting fluorescence was measured at 490 nm (excitation at 392 nm). The detection limit of TPhT was 0.1 µg l -1 and response was linear up to 5 µg l -1 . Garcia-Alonso et al. 90 separated TBT from water samples onto a Sep-Pak ODS cartridge and eluted with methanol/H2O/acetic acid. Separation of MBT, DBT and TBT was achieved on a Zorbax SCX column using a mobile phase of aq. acetic acid/methanol containing ammonium citrate. Spectrofluorometric detection was possible after postcolumn reaction with morin solution containing Brij-35. The calibration graph obtained for TBT acetate was linear up to 1500 ng; the detection limit was 5 ng and the precision for 25 ng injected was 2.2% in peak height.
Some other HPLC-spectrofluorometric methods are also listed in Table 2 .
Capillary Electrophoresis (CE)
Several authors utilized capillary electrophoresis (CE) as a tool for the speciation of organotin compounds with indirect fluorescence detection or indirect/direct ultraviolet absorbance detection. [93] [94] [95] [96] [97] They used the following run buffers; acetate buffer containing 4-aminopyridine (indirect detection at 261 nm), 93 tartaric acid in H2O/methanol containing butyltrimethyl ammonium chloride, 94 acetate buffer containing cetyldimethyl ethylammonium bromide as background electrolyte, 95 a ziwitterionic buffer of N-2-hydroxyethylpiperazin-N′-2-ethane sulfonic acid containing 6-aminoquinoline (fluorescence detection) 96 and buffer solution with HCl containing cetyltrimethylammonium bromide (pyridine as UV absorption additive). 97 Picogram or µM levels of detection limits were usually obtained. Migration times and absorbances, however, were inconstant, and the organotin solutions degraded with time. 95 Han et al. 97 optimized HPLC with a cation-exchange column and CE valves were optimized for the determination of triorganotin compounds. In both cases, indirect UV detection for trimethyltin, triethyltin and TBT and direct UV sensing of TPhT were applied. For CE, an electrolyte comprised of tartaric acid containing methanol/benzyltrimethyl ammonium chloride (BTMA) buffer was used. A better separation of analytes and much lower detection limits than HPLC were obtained with CE determination.
Conclusion
Over the last decade, research projects on the speciation of 357 ANALYTICAL SCIENCES APRIL 2000, VOL. 16 organotins have made great progress, and numerous hyphenated methods have been successfully developed, including GC, LC and CE combined with a variety of detectors. Major methods for separating tin species are GC and HPLC. In the former case, a derivatization is required prior to separation for increasing the volatility of organotins. In general, the derivatization methods involve hydride generation with NaBH4, alkylation by Grignard reagents or NaBEt4. Lately, the ethylation with NaBEt4 has become the major method in aquatic matrices, because it does not suffer from the drawbacks accompanying hydridization reaction and Grignard alkylation. Direct GC analysis of organotin halides using HBr doping is a convenient method for rapid, accurate, selective and sensitive determination of organotin compounds in environmental samples. GC/NICI-MS using capillary column doping with HBr offers a superior, highly sensitive analytical technique to monitor TBT and TPhT concentrations at less than ng l -1 level in environment. HPLC/ICP-MS, capable of distinguishing among organotin compounds without requiring derivatization before injection, also offers a powerful analytical technique for organotin speciation. There are some novel approaches useful for the analysis of organotins compounds. For example, an alternative technique, SPME, a solvent free analytical process 63, 64 and a coupling of multicapillary GC 99 with sensitive element-selective detection have been reported to be successful to the analysis of organotin compounds in environmental samples.
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